Elliptic operators

§1  Differential operators on R

Let U be an open subset of R™ and let D;, be the differential operator,
oA B
Vv—1 0z
For every multi-index, o = a4, ..., a,, we deﬁﬁe
D =D ve D2
A differential operator of order r:
P:C®({U) - Cc*®(U),
is an operator of the form
Pu= Y a,D%, a,€C®U).
o] <r

Here o = oy + - .
The symbol of P is roughly speaking its “r*® order part”. More explicitly it is the
function on U x R™ defined by :

(2,6) = 3 aa(z)e™ =: p(z,€).
|ee|=r

The following property of symbols will be used to define the notion of “symbol” for
differential operators on manifolds. Let f: U — R be a C* function.

Theorem 1.1. The operator
u € C®(U) — e~ peitfy

18 4 sum

(1.1) it’”“iﬂ-u
i=0

F; being a differential operator of order i which doesn’t depend on t. Moreover, Py is
multiplication by the function

po(z) =: p(z,§)
with & = 2L i=1,...n.

Bzi &



Proof. Tt suffices to check this for the operators D®. Consider first Dy

e~ Dietfy = Dyu+ t—a—f— :
3:t:k

Next consider D*
e~ Deeitfy = e (Do ... Dareitfy,
(eﬁithleitf)al . (e‘iifDneitf)Qnu
which is by the above

af 231 8f [a%
Di4+t—=—)" - (D, +t "
( 1 Oz, ) ( + oz, )
and is clearly of the form (1.1). Moreover the " term of this operator is just multi-
plication by

a o] a (0403
(12) (G l)™ (o)™

O

Corollary 1.2. If P and @ are differential operators and p(z,§) and q(z,£) their
symbols, the symbol of PQ is p(z, &) q(z, €).

Proof. Suppose P is of the order r and Q of the order s. Then
e~ itf PQeéltly = (eﬂ-tf Peitf) (e"iieritf) 7
= (p(z, dNE + ) (alz, A+ )u
= (p(z, df)a(z, )+ Yu.

Given a differential operator

P = g I

we define its transpose to be the operator

u€C®(U) — Y D°Gou=: Phu.

lef<r

Theorem 1.3. For u,v € C*(U)

(Pa) =3 /Puﬁdm = Ku, Prol,



Proof. By integration by parts

i il a _
(Dru,v) = /Dkuvda:— \/—__l—/a—mcuvdk

—\/%_1 ua—iﬁdm:fumdm

= (’U,, Dkv).
Thus
(D%u,v) = (u, D*v)
and
(0aD%u,v) = (D%, Tav) = (u, D%8av), .
J
Exercises.

If p(z,€) is the symbol of P, p(z, £) is the symbol of P?.

Ellipticity.
P is elliptic if p(z,£) # 0 for all z € U and £ € R — 0.

§2 Differential operators on manifolds.

Let U and V' be open subsets of R® and ¢ : U — V a diffeomorphism.
Claim. If P is a differential operator of order m on I the operator

u€C*(V)— (¢7') Po*u
is a differential operator of order m on V.

Proof. (p™1)*Dep* = ((‘P_l)*Dﬂp*)al (™) Dyip*) ™" s0 it suffices to check this
for Dy and for Dy this follows from the chain rule

| B .
Dip'f =3 5 -¢'Dif
O

This invariance under coordinate changes means we can define differential opera-
tors on manifolds.



Definition 2.1. Let X = X™ be a real C* manifold. An operator, P : C*(X) —
C®(X), 1s anm™ order differential operator if, for every coordinate patch, (U, z1,. .., z,)

the restriction map
w€C®X)— PullU

is given by an m™ order differential operator, i.e., restricted to U,

Py = Z aeD%u, a, € CP(U).

[ <m
Remark. Note that this is a non-vacuous definition. More explicitly let (U, zy,...,z,)
and (U’,z7,...,z!) be coordinate patches. Then the map
u— PulUNnU

is a differential operator of order m in the z-coordinates if and only if it’s a differential
operator in the z’-coordinates.

The symbol of a differential operator

Theorem 2.2. Let f: X — R be C*® function. Then the operator
u € CP(X) — e pemithy
can be written as a sum o
S
i=0
F; being a differential operator of order i which doesn’t depend on t.
Proof. We have to check that for every coordinate patch (U,z1,...,z,) the operator
U EC®(X) — e W peitf 1 7

has this property. This, however, follows from Theorem 1.1.
O

In particular, the operator, P, is a zero'® order operator, i.e., multiplication by a
C* function, py.

Theorem 2.3. There exists C* function

o(P): T*X - C
not depending on f such that |
(2.1) po(z) = o(P)(,£)
with & = df,.



Proof. It’s clear that the function, o(P), is uniquely determined at the points, £ € T
by the property (2.1), so it suffices to prove the local existence of such a function on
a neighborhood of z. Let (U, #y,...,2,) be a coordinate patch centered at z and let
€1, ...,&, be the cotangent coordinates on T*U defined by

E—&idoy+ -+ Endkn, .

Pi= Z%D”‘

on U the function, o(#), is given in these coordinates by p(z,¢) = > aq(x)E. (See

(1.2).)

Then if

O

Composition and transposes

It P and @ are differential operators of degree r and s, PQ is a differential
operator of degree r + s, and o(PQ) = o(P)c(Q).

Let Fx be the sigma field of Borel subsets of X. A measure, dx, on X is a
measure on this sigma field. A measure, dz, is smooth if for every coordinate
patch

(U,.’El,...,.?;'n).

The restriction of dz to U is of the form
(2.2) wdz;...dz,

¢ being a non-negative C* function and dz; . ..dz, being Lebesgue measure on
U. dz is non-vanishing if the ¢ in (2.2) is strictly positive.

Assume dz is such a measure. Given u and v € C§°(X) one defines the L? inner
product
(u, v)

T B /uﬁd:t:.

Theorem 2.4. If P: C®(X) — C*®(X) s an m* order differential operator there is
o unique m'™ order differential operator, Pt, having the property

of u and v to be the integral

(Pu,v) = (u, P'v)

for all u,v € C(X).



Proof. Let’s assume that the support of u is contained in a coordinate pateh, (T 24, o i)
Suppose that on U
P = > ag,D°

and

dz = @dz;...dz, .
Then

{(Pu,v) = Z/%D‘”uﬁpd:cl ey
= Z./aa(pDauﬁdxl s 05
_ Z/umdxl...dxn

= Z/u-l—Daaagpvgodml ... dzy,
14
= (%)

where

1
Py = —Z.Daaacpv.
P

This proves the local existence and local uniqueness of Pt (and hence the global

existence of P*).
(]

Exercise.

o(P*)(z,£) = o(P)(x,8).

Ellipticity.
P is elliptic if o(P)(z,€) #0forall z € X and ¢ € T — 0.
The main goal of these notes will be to prove:
Theorem 2.5 (Fredholm theorem for elliptic operators.). If X is compact and
P.C®(X) - C™(X)

is an elliptic differential operator, the kernel of P is finite dimensional and v € C=(X)
is in the range of P if and only if

(u,v) =0

6



for all v in the kernel of Pt.

Remark. Since P' is also elliptic its kernel is finite dimensional.

83 Smoothing operators

Let X be an n-dimensional manifold equipped with a smooth non-vanishing measure,
dz. Given K € C*(X x X), one can define an operator

Tk : C3°(X) — C®(X)
by setting

(3.1) Tief(z) = / K (2, 9)(y) dy.

Operators of this type are called smoothing operators. The definition (3.1) involves

the choice of the measure, dz, however, it’s easy to see that the notion of “smoothing

operator” doesn’t depend on this choice. Any other smooth measure will be of the

form, p(x) dx, where ¢ is an everywhere-positive C function, and if we replace dy by

¢(y) dy in (3.1) we get the smoothing operator, T, where Ky(z,y) = K(z,v) o(y).
A couple of elementary remarks about smoothing operators:

1. Let L(z,y) = K(y,z). Then T}, is the transpose of Tx. For fand g in
Ceo(X),

Tes0) = [a ([ K@nsw czy) do
= ff(y)mdy=<f,%g>-

2. If X is compact, the composition of two smoothing operators is a smoothing
operator. Explicitly:
TKl TKg == TKg

where

Ky(z,y) = f Ky (2, 2)Ka(z, ) dz.

We will now give a rough outline of how our proof of Theorem 2.5 will go. Let
I:C*(X) — C*°(X) be the identity operator. We will prove in the next few sections
the following two results.

Theorem 3.1. The elliptic operator, P is right-invertible modulo smoothing opera-
tors, i.e., there exists an operator, @ : C*(X) — C®(X) and a smoothing operator,
Tk, such that

(3.2) PQ=1-Tg



and
Theorem 3.2. The Fredholm theorem is true for the operator, I — Ty, i.e., the kernel
of this operator is finite dimensional, and f € C*®(X) is in the vmage of this operator
if and only if it is orthogonal to kernel of the operator, I—Ty, where Llmy) = Ky
Remark. In particular since T is the transpose of 77, the kernel of J — Ty is finite
dimensional.

The proof of Theorem 3.2 is very easy, and in fact we’ll leave it as a series of
exercises. (See §9.) The proof of Theorem 3.1, however, is a lot harder and will
involve the theory of pseudodifferential operators on the n-torus, 7.

We will conclude this section by showing how to deduce Theorem 2.5 from The-
orems 3.1 and 3.2. Let V' be the kernel of 7 — Ty,. By Theorem 3.2, V is a finite
dimensional space, so every element, f, of C*®(X ) can be written uniquely as a sum

£3.3) f=9+h

where g is in V' and & is orthogonal to V. Indeed, if f;,... , fm is an orthonormal
basis of V' with respect to the L2 norm

g=> (f f)f:
and h = f — g. Now let U be the orthocomplement of V N Image P in V.

Proposition 3.3. Every f € C®(M) can be written uniquely as a sum

(3.4) f=h+f

where f € U, f € Image P and fy is orthogonal to fs.
Proof. By Theorem 3.1

(3.5) Image P D Image (I — Tk) .

Let g and h be the “g” and “A” in (3.3). Then since h is orthogonal to V, it is in
Image (I — T ) by Theorem 3.2 and hence in Image P by (3.5). Now let g=fi+g
where fi is in U and g, is in the orthocomplement of U in V (e, in V NImage P).
Then

F=h+h
where f, = g2 + h is in Image P. Since f; is orthogonal to g, and h it is orthogonal
to fg.

O
Next we’ll show that
(3.6) U =Ke P,
Indeed f € U < f L Image P & (f Pu) = 0 for all u < (P*f,u) = 0 for all
ue Pf =0,

This proves that all the assertions of the Theorem are true except for the finite
dimensionality of Ker P. However, (3.6) tells us that Ker P! is finite dimensional and
so, with P and P' interchanged, Ker P is finite dimensional.

8



84 Elliptic systems

Let C*°(X,C*) be the space of C* functions on X with values in C*. We will think
of elements of this space as k-tuples of functions, u = (uy,. .. ,Uk), u; € C*°(X), and
if v and v are in C*°(X,C*) and one of them is compactly supported we will define
their inner product to be the integral

B e /X (> wiw) de.

Now let

[Fi;]
be a k x £ matrix whose i, j' entry is a differential operator

Py : C2(X) = C®(X).

One gets from this matrix a differential operator
(4.1) P:C™(X,C% — C=(X,C")
mapping u to v = Pu where
(4.2) w=> P, i=1l...,K.
Moreover, from the transpose matrix,

[Pj]
one gets an operator
(4.3) P*: C®(X,CF) — (X, CY
and it’s easy to check that for u € C§°(X,C?) and v € C°(X, CF)
(4.4) {Pu,v) = (4, P%) .

We'll say that P is of order r if the P, ;’s are of order r and we’ll define the symbol
of P to be the matrix

[0(Pij(x,€))]
at £ € 7. If this symbol is invertible for all (z,&), € # 0, we'll say that P is elliptic.
As we'll see in § 8, the Fredholm theorem for elliptic operators that we described in
§ 2 is valid as well for these more general elliptic operators.

Theorem 4.1. If X is compact and the operator (4.1) is elliptic the kernel of this
operator is finite dimensional, and u is in the range of P if and only iff (u,v) =0 for
all v in the kernel of P,



In its basic outline the proof of this is the same as the proof of Theorem 2.5 which
we sketched in § 3. Let

be a k x k matrix of functions, k;; € C*(X x X) and let
Tx : C°(X,C*) — (X, Ck)

be the operator mapping u to Txu = v where

(45) Vi = ZTKi_juj .

We will call operators of this sort smoothing. The transpose of this operator is the
operator, T}, where

L = [Ly(z,v)] = [K;:(y,2)]

S0 it, too is smoothing.
Just as in § 3 we will deduce Theorem 4.1 from the following two results.

Theorem 4.2. If X is compact and the operator (4.1) is elliptic, then it’s invertible
module smoothing operators.

and
Theorem 4.3. The Fredholm theorem is true for the operator, I — Ty, where Ty is

defined by (4.5).

85 Fourier analysis on the n-torus

In these notes the “n-torus” will be, by definition, the manifold: 7" = R™/27Z". A
C* function, f, on T™ can be viewed as a C* function on R™ which is periodic of
period 27: For all k € Z"

(5.1) flz +27k) = f(x).
Basic examples of such functions are the functions
e*t keZm, kr = kixi+ - knxy,

Let P = C*(T") = C* functions on R" satisfying (5.1), and let @ C R™ be the open

cube
0<uz<2m. i=1,...,n.

1 T
| fdo= (%) fodm

10

Given f € P we'll define



and given f,g € P we'll define their L? inner product by

(f,9>:/Tnfgd:v-

I'll leave you to check that _
<eik.:c , ezfr)

is zero if k # £ and 1 if k = £. Given f € P we'll define the k' Fourier coefficient of
f to be the L? inner product

w=alf) = (f.e*) = | fe*dz.
Tn
The Fourier series of f is the formal sum

(5.2) Z epe™ ., ke T,

In this section I'll review (very quickly) standard facts about Fourier series.
It’s clear that f € P = D*f € P for all multi-indices, «.

Proposition 5.1. If g = D*f

ce(g) = k% (f).

Proof.
Defe"*@ dy = [ fDeeikz dg
Tn Tn
Now check
D(xeikm — kaeikm )
O
Corollary 5.2. For every integer v > 0 there exists a constant C, such that
(5.3) lee(£)] < Cr(1+ k)72,
Proof. Clearly
1
) < e [ Uf1dz =,
@y Jo!
Moreover, by the result above, with g = D*f
|k%ck ()] = lex(9)] < Ca
and from this it’s easy to deduce an estimate of the form (5.3).
O

11



Proposition 5.3. The Fourier series (5.2) converges and this sum is a C* function.
To prove this we'll need

Lemma 5.4. If m > n the sum

(5.4) > (le)m/z  kezr,

COnverges.

Proof. By the “integral test” it suffices to show that the integral

1 mj2
fRn (1 T mz) 4

converges. However in polar coordinates this integral is equal to

0o 1 m/2 .
e — = d
1 f (1+r42) T

(¥n-1 being the volume of the unit n — 1 sphere) and this converges if m > n.
O

Combining this lemma with the estimate (5.3) one sees that (5.2) converges ab-

solutely, i.e.,
D lex( )]

converges, and hence (5.2) converges uniformly to a continuous limit. Moreover if we
differentiate (5.2) term by term we get

D E :Ckez’km - § :kackez’kx

and by the estimate (5.3) this converges absolutely and uniformly. Thus the sum (5.2)
exists, and so do its derivatives of all orders.
Let’s now prove the fundamental theorem in this subject, the identity

(5.5) > alf)e* = f(z).

Proof. Let A C P be the algebra of trigonometric polynomials:

feA®s flz)= ) are™

[k|<m

for some m. 0

12



Claim. This is an algebra of continuous functions on T™ having the Stone-~Weierstrass
properties

1) Reality: If f € A, f € A.
2) le A

3) If z and y are points on T" with = # vy, there exists an f € 4 with
fz) # Fy).

Proof. Item 2 is obvious and item 1 follows from the fact that ez = e=ik=, Finally
to verify item 3 we note that the finite set, {€™1,... %}, already separates points.

Indeed, the map
T — (Sl)n

mapping z to e, ..., e is bijective.
Therefore by the Stone-Weierstrass theorem A is dense in C°(T™). Now let f € P
and let g be the Fourier series (5.2). Is f equal to g7 Let h = f — g. Then
<h, eikx) — (f; eikx) _ (Q, eikz)
= alf) —a(f)=0
s0 (h, e*®) = 0 for all €%, hence (k, ) = 0 for all p € A. Therefore since A is.dense

in P, (h,) =0 for all ¢ € P. In particular, (h,h) =0,s0 h=0 .
O

I'll conclude this review of the Fourier analysis on the n-torus by making a few
comments about the L? theory.

The space, A, is dense in the space of continuous functions on 7™ and this space
is dense in the space of L? functions on T™. Hence if h € L?(T™) and (h, €*) = 0 for
all k the same argument as that I sketched above shows that A = 0. Thus

{e*=, k ez}
is an orthonormal basis of L*(T™). In particular, for every f € L*(T™) let

Ck(f) = <f! EikLr) :

Z Ck(f)eik:n

converges in the L? sense to f and one has the Plancherel formula

.5 =Y lalh)?, kez.

Then the Fourier series of f

13



86 Pseudodifferential operators on 7"

In this section we will prove Theorem 2.5 for elliptic operators on T". Here’s a road
map to help you navigate this section. §6.1 is a succinct summary of the material in
8§4. Sections 6.2, 6.3 and 6.4 are a brief account of the theory of pseudodifferential
operators on 7™ and the symbolic calculus that’s involved in this theory. In §6.5 and
6.6 we prove that an elliptic operator on T is right invertible modulo smoothing
operators (and that its inverse is a pseudodifferential operator). Finally, in §6.7, we
prove that pseudodifferential operators have a property called “pseudolocality” which
makes them behave in some ways like differential operators (and which will enable us
to extend the results of this section from 7™ to arbitrary compact manifolds).
Some notation which will be useful below: for a € R” let

(a) = (Jaf* + 1)z .

Thus
la| < (a)

and for |a| > 1
(a) < 2la].

6.1 The Fourier inversion formula
Given f € C®(T™), let ck(f) = {f, €**). Then:
1) cx(D*f) = k*ex(f).
2) |ex(f)] < Co{k)™ for all r.
3) La(f)e* = f.
Let S be the space of functions,
g:Z"* - C

satisfying
lg(k)| < Co (k)"

for all 7. Then the map
FoC®(T") = S, Ff(k)=c(f)
is bijective and its inverse is the map,

gES — Zg(k)em”.

14



6.2 Symbols

A function @ : T" x R® — C is in 8™ if, for all multi-indices, o and 3,

(6.2.1) |DSDEa] < Co (€)™ 181,
Examples

1) a(,€) = ¥ jajcm %a(2)E, 6o € CO(T™).

2) (&)™

)
3) ac &t and be S™ = abe SH™,
)

4) aes™ = D‘*Dﬁa c Sm-14l,

The asymptotic summation theorem

Given b; € 8™ i =0,1,..., there exists a b € S™ such that

(6.2.2) b= bjeSm

Proof. Step 1. Let £ =m +¢, € > 0. Then

Cilg)™
e

bi(z,€)| < Ci(€)™* =
Thus, for some A;, 3
(2, €)] < (€

for [§] > A;. We can assume that A; — +00 as i — +oo. Let p € C*(R) be bounded
between 0 and 1 and satisfy p(¢) = 0 for ¢ < 1 and p(t) = 1 for ¢ > 2. Let

(6.2.3) b=> p Gfﬁ') bi(z, £).

Then b is in C*°(T™ x R™) since, on any compact subsct, only a finite number of
summands are non-zero. Moreover, b~ . i<i 0j 18 equal to:

2 (5) ) men o (5

The first summand is compactly supported, the second summand is in S™ ! and the
third summand is bounded from above by

> oot

k>1

15



which is less than (£)*~¢+1 and hence, for € < 1, less than (€)™
Step 2. For |a|+ |B] £ N choose ); so that
D2 Dbi(z, )| < g (e)=+
for \; < |£]. Then the same argument as above implies that
(6.2.4) DIDL(b - "b;) < Cy(g)ym 1Al
It
for |a| + [B] £ NV.

Step 8. The sequence of A;’s in step 2 depends on N. To indicate this dependence
let’s denote this sequence by A;ny, ¢ = 0,1,.... We can, by induction, assume that
for all ¢, A; v < A n41. Now apply the Cantor diagonal process to this collection of
sequences, le., let A\; = A;; . Then b has the property (6.2.4) for all N.

We will denote the fact that b has the property (6.2.2) by writing

(6.2.5) by by

The symbol, b, is not unique, however, if b ~ >~ b; and &' ~ > b;, b— ¥ is in the
intersection, (&%, —o00 < £ < .
|

6.3 Pseudodifferential operators

Given a € 8™ let
T2 : 8= C(T")

be the operator
Tlg= Za(z, k)g(k)e™=

Since .
|D%(x, k)e®| < Oa(k)m“L("’)

and
|9’(k)| < ca<k>-(m+n+ia|+l)

this operator is well-defined, i.e., the right hand side is in C*(7T™). Composing o
with F' we get an operator

T 1 CP I = C™ ™).

We call T, the pseudodifferential operator with symbol a.

16



Note that _ _
T,e*® = afz, k)e™™.

Also note that if

(6.3.1) P = ) au(z)D*
lo<m
and
(6.3.2) p(z,6) = ) aa(2)€".
la <m
Then
: P=T,.

6.4 The composition formula

Let P be the differential operator (6.3.1). If a is in S™ we will show that PT}, is a
pseudodifferential operator of order m + r. In fact we will show that

(641) PTa - Tpoﬂ.
where
1
(6.4.2) poa(z,§) = > Gi0cp(@,§)Dia(x,€)
1Blsm "

and p(z,€) is the function (6.3.2).
Proof. By definition

PT,e*® = Pao(z, k)eikm
eikm(e—iknapeikx)a(xa k) '

Thus P7T, is the pseudodifferential operator with symbol
(6.4.3) e Pe*a(z, £).
However, by (6.3.1):
e Peity(z) = Zaa(m)e’”’gD“e”fu(CE)

= > aa(z)(D +£)°u(z)
p(z, D + &)u(z) .

Il
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Moreover,

1 0

80

ple, D+ €ule) = 3 5 5 50(e E)D7u(z)

and if we plug in a(z, £) for u(x) we get, by (6.4.3), the formula (6.4.2) for the symbol

of PTgs
O

6.5 The inversion formula

Suppose now that the operator (6.3.1) is elliptic. We will prove below the following
inversion theorem.

Theorem 6.1. There exists ana € S™™ and anr € () S%, =00 < ¢ < 0, such that
Ploy=d—71,,

Proof. Let
Pn(,6) = 3 aale)®.

la|=m

By ellipticity pp(z,£) # 0 for £ € 0. Let p € C*°(R) be a function satisfying p(t) = 0
fort <1landp(t)=1fort> 2. Then the function

1
(65.1) ao(z,8) = pllEl)

is well-defined and belongs to S~™. To prove the theorem we must prove that there
exist symbols a € S™™ and r € (&%, —c0 < £ < o0, such that

po c?: l1—1r.
We will deduce this from the following two lemmas.

Lemma 6.2. Ifb € S then
b—poagh

is in S 1.
Proof. Let ¢ = p— pm. Then ¢ € 8™ s0 g o apb is in S*~! and by (??)

poagh = pmoagh+goagh
— pma0b+...:b+.--

where the dots are terms of order 7 — 1.

18



Lemma 6.3. There exists a sequence of symbols a; € S™™ %, i = 0,1,..., and a
sequence of symbols r; € 8%, ¢ = 0,..., such that ag is the symbol (6:5.1), ¥y =1
and

poa; =7, —Tiq1

for all i.

Proof. Given ag,...,a;_1 and ro,...7;, let a; = ryap and iy = 7, — p o a;. By

Lemma 6.2, riyy € S7L
O

Now let @ € §~™ be the “asymptotic sum” of the a;’s
a Z a; .
Then -
poa,NZpoa-- =Zn —Tip1 =19 =1,
i=0

sol—poa~0,ie,r=1-pogisin (S, —00 < ¥ < 0.

|

6.6 The inversion formula for systems

The result above can easily be generalized to the case where P is an m® order elliptic

operator
P i C3( T CF) — 0T, Y.,

As in (5.2) let P be defined by the matrix

[Pis]

where
Rl,j — Z aa,i,j(x')Da.
la|<m
Let
Pig(2,6) = Y Gai(z)E

lor| €m

and

pm,i,j(:‘c:g) = Z aa,i,j(‘r)éa'

|ee|=m

Since P is elliptic the matrix

19



is invertible for £ # 0, and as in (6.5.1) we’ll set
Ao = p(l€]) Pr(z, )" .

Letting
P(z,£) = [pi(=,£))
we can, as in § 6.5, solve inductively the equations

P(m1£) o Ad("ca‘S) = Rd(xs g) - Rd+1(m1£)

where Ro(z, £) is the identity & x k matrix, Ry(, £) has matrix entries in 5, Az, €)
has the matrix entries in S~ ™ and the matrix entries of the product on the left are

Y pu(®,€) 0 age (z,€).
.

Thus if

ANZAd

P(:E,g) OA(x:é-) =1~ R(ﬂf,é)

where R(z,§) has matrix entries in (.5%, —co < d < o, and from this one gets the
operator identity

(6.6.1) By = T .

one concludes that

6.7 Smoothing properties of ¥ D(O’s

Let a € 8% ¢ < —m — n. We will prove in this section that the sum

(6.7.1) Ko(z,y) = ) alz, k)e=)

is in C™(T™ x T™) and that T, is the integral operator associated with K, ie.,
Touw) = [ Kalayuly) dy.

Proof. For |a| + |f] <m ,
D2 D%z, k)et(=-)

is bounded by (k)**1*I*18l and hence by (k)**™. But £ +m < —n, so the sum
Y D2Dfa(z, k)ei=—v)
converges absolutely. Now notice that

/Ka(.’l:, y)e'iky dy == a(.’l}, k)eikw e Taeik:]: )
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Hence T, is the integral operators defined by K,. Let
(6.7.2) S =18, -co<l<co.

If a is in §7*°, then by (6.7.1), T, is a smoothing operator.

6.8 Pseudolocality

We will prove in this section that if f and g are C* functions on 7" with non-
overlapping supports and «a is in ™, then the operator

(6.8.1) u€C®(T") — fT.gu

is a smoothing operator. (This property of pseudodifferential operators is called
pseudolocality.) We will first prove:

Lemma 6.4. If a(z,€) is in 8™ and w € R, the function,
(6.8.2) aw(z,&) = a(z,& + w) — a(z, )
.81,
Proof. Recall that a € 8™ if and only if

D2 Dga(z, )] < Caple)™ .

From this estimate is is clear that if a is in 8™, a(z, £ + w) is in S™ and g—g(x,ﬁ) is
in ™1, and hence that the integral

1
aw(ﬂ?,f)tfo Zg—;(x,{f—ktw)dt

in 01,
Now let £ be a large positive integer and let a be in S™, m < —n — £. Then

Ko(z,y) = Y alz, ke

is in C*(T™ x T™), and T, is the integral operator defined by K,. Now notice that for
weZ®

(6.8.3) (0 — R ) =) auls k)dHen,
so by the lemma the left hand side of (??) is in C**}(T™ x T™). More generally,
(6.8.4) (e7iE=vv _ NNEK (z,y)
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is in C**V(T™ x T™). In particular, if  # y, then for some 1 < i < n, z; —y; Z 0
mod 2772, so if
w=(0,0,...,1,0,...,0),

(a “1” in the i*™"-slot), ef®=¥)¥ £ 1 and, by (6.8.4), K,(z,y) is C**V in a neighborhood
of (x,y). Since N can be arbitrarily large we conclude

Lemma 6.5. K, (z,y) is aC*™ function on the complement of the diagonal in T" xT™.
Thus if f and g are C* functions with non-overlapping support, f7,g is the
smoothing operator, Tk, where
(6.8.5) K(z,y) = f(z)Kalz,9)9(y) .
U
We have proved that T, is pseudolocal if a« € 8™, m < —n — £, £ a large positive

integer. To get rid of this assumption let (D)™ be the operator with symbol (€)V. If
N is an even positive integer

(DN = (3 D} +1)%

is a differential operator and hence is a local operator: if f and g have non-overlapping
supports, f(D)Ng is identically zero. Now let an(z,£) = a(z, ){€)™". Since ay €
§™=N T, is pseudolocal for N large. But T, = Tun{D)N, so T, is the composition
of an operator which is pseudolocal with an operator which is local, and therefore T,
itself is pseudolocal.

§7 Elliptic operators on open subsets of 7"

Let U be an open subset of T". We will denote by ty : U — T™ the inclusion map
and by if; : C*°(T") — C*®(U) the restriction map: let V be an open subset of T"
containing U and :
P= % 6.()D*; ualz)€ (V)

la|<m
an elliptic m' order differential operator. Let
P'= )" D°G4(z)
lor|<m
be the transpose operator and
Pm(2,§) = Z aa ()€™
[a]=m

the symbol of P. We will prove below the following localized version of the inversion
formula of § 77.
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Theorem 7.1. There ezist symbols, a € S™™ and r € S~ such that
(7.1) PyTy= (I -1;).

Proof. Let v € C3°(V) be a function which is bounded between 0 and 1 and is
identically 1 in a neighborhood of U. Let

Q=PP'y+(1-7)(3_ D).
This is a globally defined 2m* order differential operator in 7™ with symbol,

(7.2) V(@) |pm (2, €) P + (1 — ()]

and since (7.2) is non-vanishing on 7™ x (R™ — 0), this operator is elliptic. Hence, by
Theorem 77, there exist symbols b € S™?™ and r € S~ such that

QT,=1-T..
Let T, = P*yT,. Then since v = 1 on a neighborhood of U,
L*U(I - Tr) = LBQTL
= y(PPYTy+(1-9) > DITy)

= i PPYEh
= P;,”(}PtfyTb =LPUpE, .

§8 Elliptic operators on compact manifolds

Let X be a compact n dimensional manifold and

P:C®(X) - C®(X)
an elliptic m™ order differential operator. We will show in this section how to con-
struct a parametriz for P: an operator

@ : C7(X) — C(X)

such that I — P is smoothing.

Let Vi, i = 1,...,N be a covering of X by coordinate patches and let U;, i =
1,...,N, U; C V; be an open covering which refines this covering. We can, without
loss of generality, assume that V; is an open subset of the hypercube

{FER® BdogedBr de L i)
and hence an open subset of 7™, Let

{p €CPW), i=1,...,N}
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be a partition of unity and let v; € C5°(U;) be a function which is identically one on
a neighborhood of the support of p;. By Theorem 6.1, there exist symbols a; € S™™
and r; € 87 such that on T7:

(8.1) P T, = (I -T,,).
Moreover, by pseudolocality (1 — +;)T,, p; is smoothing, so
Vila;pi = by, T, ps

and
-P%Ta,pz - PLz‘IiTaipi

are smoothing. But by (7.1)
'PL;CJiTaipi o .'Oi.-[

is smoothing. Hence
(8.2) PryiTo,pi — pil

is smoothing as an operator on 7. However, P T4, p; and p;I are globally defined
as operators on X and hence (7.2) is a globally defined smoothing operator. Now let
@ = > 7T, p; and note that by (8.2)

PQ -1

is a smoothing operator.
O

This concludes the proof of Theorem 3.1, and hence, modulo proving Theorem 3.2.
This concludes the proof of our main result: Theorem 2.5. Also it’s clear from the
remarks in § 6.6 that the proof above goes through verbatim for elliptic operators of

the form
P 1 C®(X,CF) — (=(X,CH).

The proof of Theorem 3.2 will be outlined, as a series of exercises, in the next section.

§9 The Fredholm theorem for smoothing operators

Let X be a compact n-dimensional manifold equipped with a smooth non-vanishing
measure, dz. Given K € C®°(X x X) let

Ty : C*(X) — C™(X)

be the smoothing operator (3.1).
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Exercise 1. Let V be the volume of X (i.e., the integral of the constant function, 1,
over X). Show that if

max | K (z,y)| < O<e<l

€
V ?
then I — Tk is invertible and its inverse is of the form, I — T3, L € (X x X).

Hint 1. Let K; = Koo K (i products). Show that sup |K;(z,y)| < Ce and
conclude that the series

(9.1) > Ki(z,y)

converges uniformly.
Hint 2. Let U and V be coordinate patches on X. Show that on I/ x V

DngKi(mwy) = K%0 K; 50 K*(z,y)

where K*(z, 2) = D2K(z, z) and KP(z,y) = DEK(z,y). Conclude that not only does
(8.1) converge on U x V but so do its partial derivatives of all orders with respect to
x and y. ;

Exercise 2. (finite rank operators.) Ty is a finite rank smoothing operator if K
is of the form:

N
(9.2) K(z,y) =Y fi(z)g:(y).
i=1
(a) Show that if Tk is a finite rank smoothing operator and T} is any smoothing

operator, Tx17, and T}, Tk are finite rank smoothing operators.

(b) Show that if Tk is a finite rank smoothing operator, the operator, I — T, has
finite dimensional kernel and co-kernel.

Hint. Show that if f is in the kernel of this operator, it is in the linear span of the
fi’s and that f is in the image of this operator if

ff(y)ge(y)dyzﬁ, i=1,...,N.

Exercise 3. Show that for every K € C®°(X x X) and every e > 0 there exists a
function, K1 € C®(X x X) of the form (9.2) such that

sup |K — Ki|(z,y) < €.

Hint. Let A be the set of all functions of the form (9.2). Show that A is a subalgebra
of C(X x X) and that this subalgebra separates points. Now apply the Stone—
Weierstrass theorem to conclude that 4 is dense in C(X x X).
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Exercise 4. Prove that if Tk is a smoothing operator the operator
I —Tg :C®(X) — C®(X)

has finite dimensional kernel and co-kernel.
Hint. Show that K = K; + K, where K; is of the form (9.2) and K, satisfies the
hypotheses of exercise 1. Let J —T7, be the inverse of [ —T%,. Show that the operators

are both of the form: identity minus a finite rank smoothing operator. Conclude that
I — Tk has finite dimensional kernel and co-kernel.

Exercise 5. Prove Theorem 3.2.

Hints: Find a finite dimensional vector subspace, V', of C*(X) such that if f € CLX)
is orthogonal to V' then f is in the image of I — Tx. (For example, let Ty, be as in
Exercise 4 and let Q = I — T;. Then

(I -Tk)Q=1-Tk,,

where

N
Ky, = Zfi(m)gi(y) -

Let V = span{g;}.)
Now let Ay, ..., A be an orthogonal basis of V and for f € Image P let f=h+
where .
fr=) (k)b
i=1
Note that f; is orthogonal to V, so it is in the image of P and hence f1 € Image P.
Finally let U be the orthocomplement of Image PNV in V. Show that U = Ker Pt.

Exercise 6. Prove Theorem 4.3.
Hint: Show that, with small modifications, the proof sketched above works for vector-
valued smoothing operators

T : C°(X,C¥) — C®(X,CK).

26



